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- ANALYSIS OF LASER-ENHANCED ADSORPTION/DESORPTION PROCESSES ON smcomémn
! SURFACES VIA ELECTRONIC SURFACE STATE EXCITATION

o WILLIAM C. MURPHY, A. C. BERI AND THOMAS F. GEORGE
Department of Chemistry, University of Rochester, Rochestsr, New York 14627]uUsA

™ and f. . S s

Laser Physics Branch, Optical Sciences Division, Naval Research Laboratory, '
Washington, D.C. 20375 USA - B
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b ABSTRACT
’§ Zlectronic surface statas in semiconductors often lie between the valence
and conduction bands and give rise to charge densities confined to the surface
region. mmmummmmmmmmu(
- electrons from delocalised valence band statss to these localized surface
g states leading to large changes in the charge distriliution at the surface. |
- . Selective enhancement of adsorption/desorption processes involving ionic or |
8 . polar adspecies can result from such a charge redistridution. Using a one-
dissnsional model for silicom, the cross-section for the laser-induced
electronic transition to surface states is shown to be large. The interaction
energy of an adspecies with the surface changes significantly with direct
edcitation of surface states in a semiconductor. PFor a dne~dimensional metal,
however, direct transitions between bulk and surface states are not allowed,
but phonon-sediated transitions coupled with laser radiation lead to sub~
amﬁd&mmﬂcummﬂ.(~ .

Much effort has been dsvoted to the study of the effects of laser radiation
on the phonous in solid surfaces. Both theoretical (1] and experimental (2]
- works have relied on the laser to excite these vibrational modes of the system
[‘ in order to enhance surface processes.

On the other hand, photo-induced gurface reactions can occur through
. electronic excitation. Synchrotron radiation studies (3] on matal surfaces
3 have shown induced desorption due to the shift of electronic charge in the
3 surface region (4].
g For a semiconductor, states with charge localized in the surface region
- exist in addition to the bulk conduction and valence bands states (5]. In the
Ej following, we will demonstrate the use of a laser for exciting charge into
- these surface states and discuss the effect on surface processes.
- Por a truncated one-dimensional chain of length L and lattice constant a,
-, the solutions of the Schrédinger equation can be cbtained within the nearly-
% free-electron approximation [5]. The energy for the bulk electronic states is

g, = dnte-a?l 2 fotaeah? s @l w
where k is the wavenumber of the electron, ¢ = 27/a is the reciprocal lattice
vector and B is the band gap energy. The results for the valence band (nega=

tive M)gmd conduction band (positive branch) are illustrated in figure 1.
The wavefunctions are constructed from sums of plane waves (6]. TFor
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"Pigure 1. Dispersion relationship in complex crystal momentum space (k+ix) for
a finite linear chain. The valence, surface and conduction bands are labeled
V, S and C, respectively.

example, at the top of the valance band we have

(8 ==L stal(e/2) (-a2) + 0] @
L .
for inside the chain and
4 (s) = —fﬁ aing 3" (3)

g L

for outside the chain. The phase factor, 0, is determined by the continuity
condition and q = (2W=-k2) /2, where W is the wozk function [6). -

Since wa have a truncated chain, in addition to the above solutions of the
Schrtdinger equation, ws can have solutions with complex crystal momentum (5).

k= g/2 + ix. @

Pad e g ko av e o et i g

Inserting this into our energy, equation (1), we cbtain h .

2 =@ -t /l:-:séz}. (s)

Likewise using equation (2), we cbtain the wavefunction

a
9 (8 =c, stalcD =-Pro1a™ 2 (6)

vhere Cg is a normalisation constant. The external wavefunction will have the
same foram as equation (3). Here we have disregarded the contribution to the
wvavefunction at the far surface (2 = a/2-L). The energy, equation (5), is also
illustrated in figure 1 by the band labeled S. These are surface statss since
the charge density associated with them is localized in the surface region dus
to the exponential factor in equation (6). The bulk statss, equation (2),
howaver, have charge more or less uniformly distributed throughout the system.

Consequently, if we excits electrons from the valence band to the surface
band, we can transfer charge from the bulk of our crystal to the surface. The
resultant Coulombic effect could have significant effect on surface processes.
To explore this concept, we first wish to see how well laser radiation can
excits charge into the surface states.
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SURFACE STATE EXCITATION

Laser induced transitions to the surface states will be governed by the
integral

(t) = <K Ix-plk% _ . (7

whc:c X is the wector potnnt:l.al of the laser radiation and p is the momentum
operator of the electron. If we use a lagser that is polarized parallel to the
chain and exploit the periodicity of the functions contained in our wave-
function [6], we ocbtain

231, 1/2 s -let 4 ' :
B (t) = ~d(159" s«l-a;llpo, (81

where I is the intensity of the laser, w is the frequency and the subscript
zero indicates integration over the first unit cell. The sum, S, is given by

*-1
s ofl9/FKita xta (9

=0

vhere N is the number of atoms in our chain. To cbtain the transition proba-
bility, we would take the square modulus of equation (8). If we assume that
N is very large (6], the sum squared can be approximated by

2 , 2% §(k-g/2)
sl = % ot . (10)

where $(k-g/2) is the Dirac delta function. Consequently, the transition from
the bulk to a surface state is only permitted if the real part of the crystal
momentun remains unchanged. This relationship is not too surprising since it
is an exact restriction of laser-induced transitions between bulk bands (7].
Furthermore, for our model, it confines us to the top of the valence band,
where the density of states is & maximm (infinite) and the laser frequency
needed for a transition is a minimum.

To first order, the transition rate from the valence band to the surface
band is

t 2
2% . in ¢t
T (D Z ’Z‘ane B, (t)e xk"| , (11)

vheze wx = B "k' Using equations (8) and (10) in this expression, after
evaluating the l\—mu-uugnlmt:miﬂ.on rate becomss

lox | 9/2> |
S ¥ Rhilr 32 (e . (12)
137 2 ~ 2xa -
lgn ¢ l-e . K
where x now refers to the state cbeying the resonance condition
u--[l x? & @-g2cH V2. a

The intagral over the wavefunctions and the energy derivative can be readily
evaluated (6]. Finally, we obtain the cross section, ¢, from the relation-
M’p

(14)
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Although the complete expression for ¢ is quite complicated [6], we can make
some simple chservations.

If the exciting laser radiation is at a frequency near 0.5 E_, the energy
derivative will vanish and . 9

. - o‘ﬂ:o.s zg - o' (15)

This is exactly what one would expect since this mid-gap energy is a branch
point at which no surface state exists.

If the laser radiation is near a frequency O or Bg. the cross-section
becomas

’,

‘ 1
o w0,z - 1= (16)

At both extremes x goes to zero and ¢ diverges. This occurs because at the
surface band edges the charge assocliated with the surface states becomes more
and more delocalized throughout the lattice, until at x = 0 the charge is
completely delocalized. At this point the surface states become bulk states,
and instead of cross-sections, one should consider absorption coefficients.
Pigure 2 depicts the behavior of the cross-section over the gentire

frequency range. The values for the lattice constant, a = 2.35A, and the
energy gap, Eqg = 1.17 eV, are typical of silicon (8]. :

o
rigure 2. Absorption cross—-section for surface states, ¢, in Az versus the
frequency of the exciting laser radiation.

To illustrats what laser intensity is required for a certain absorption
rats, wa consider exciting a ace state at 0.4 £_. This corzresponds
a laser frequency of about 10 nwh.:t‘r: falls LnJo infrared. Prom
figure 2, the cross-section is about « If we assume our laser intensity
is 1 W/cm2, the transition rate is about 4 x 105 photons absorbed per second.
Since.an electron is excited for each photon absorbed and the effective charge
depth for the _surface state is about 8 atomic layers, the transition rate is
about 5 x 10~ electrons per surface atom per second. To obtain the number of
transitions per unit surface area, we divide by the surface area of the end
atom, whereby we obtain 1010 photons absorbed per cm? per second. This value
is quite large considering the low power of the laser. Consequantly, using
such a laser can lead to appreciable charge excitation in the surface region.’

2 TRC A I - DI ER PRL .
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suammmmimaunmmtmthcud-mmun,
we wvish to excite surface states near 0.5 z, to cbtain the greatest effect on
surface charge. From figure 2, we see that in this region the cross-section is
quite substantial. Consequently, we would expect a laser tuned to a frequency .
.near 0.5 Eg to be an effective controller of surface charge.

ADSPECIES-SURFACE INTERACTION

To examine the effect of this surface charge on adspecies, we must first
determine the charge profile in the surface region. For the unexcited systen,
the electxon density is

By (s) = :"‘5 !:'a:(:,-:k) v, (o |2 an

vhere the subscript 0 indicates ground stats and is the Permi enerxgy with
cxystal momentum kgy. If the semiconductor is now to a laser with an
energy less than energy gap, an electron will be excited from state k = g/2
to a surface state indicated by x. The new density will be the sum of the
ground state density and the surface state density less the charge

associated with the excited bulk state. However, the bulk state is delocalized
throughout the system and its effect on the density will be negligible.
Therefore, the excited system will have a denmsity :

a(s) = ny(a) + |y (m)]2 _ 4 (18).

We have evaluated the densities for silicon and the results are depicted in
figure 3. The solid line is the ground state charge density. The oscillations
of the charge as ons goes into the bulk of the crystal is due to the concen-
tration of charge around the The dashed line represents the density for
the system with the excited surface state = 0.5 B_/g in the lower branch.
As can be seean by this plot, charge in the exci surface state produces
a total electronic charge in twice as great as the
bulk average. If one excites surface statss closer to the branch point near
the gap center, the charge concentration in the first few layers of the sur-

pely
%
Ei‘
:

Figure 3. Electron density distribution at the surface. The solid line repre-
sents the ground slectronic stats, and the dashed line represents the system
with the excited surface stats x = 0.5 89/9 in the lower branch.

----------
.............
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If a charged adspecies is above the surface, this excess charge in the
surface region can produce a marked effect on the adlpeciu surface interaction
This interaction can be written classically as

Ulz,) = -[aF n(z)v(x), . (19)

where v(r) is the electron-ion potential of the adspecies at zZy. We have
assumed that the charge density is uniform in the x and y directions. If we
take v(r) to be Coulombic with Thomas-Fermi screening (9], we can readily
evaluate the integrals over x and y to obtain

) -
U(z,) = -iﬁ f_.dz n(z)o-xlz"’rl, (20)

where A is the Thomas-Fermi screening parameter:
6¥n '

AT m—, (21)
!’

Using our density exprassion, equation (18), we obtain

U(s) -—j’ as|v_ (2) |2 "I"“ﬂ (22)

Since we are not concerned with the interaction of adspecies with the semi-
conductor in the ground state, we only consider the surface contribution to
the potential (superscript s) in equation (22). If we now insert the expres-
sion for the surface wavefunction in equation (22), we will obtain

'U(zx)

z - M5 A(x) - 2952 g(x) (23)

where the coefficients A(x) and B(x) are given elsewhere [10]. The potential
in equation (23) is exponentially damped as one moves away from the surface.
In the vicinity of the surface the effect on the total potential can be quite

'_I!!

o : 5.
-2
i

Pigure 4. The magnitude of the surface interaction potantial (ia millihartrees)
at a distance 2y = a for the system with various excited surface states. The
s01id line represents surface states in the lower energy branch; the dashed
line, the upper energy branch. '
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substantial. To illustrates this for various surface states, we have plotted
the change in potential at 27 = & for all surface states in figure 4. The
upper Branch states are at a higher energy than the lower branch states.
Therafore, the exponential tail of the charge density and, subsequently, the
interaction is slightly greater. -

Our contention that lasers can control surface charge density in semi-~
conductors and, subsequently, enhance surface processes has been confirmed.’ I

Since matals also play an important role in catalysis, the effect of lasers on
metal surfaces will also be examined via a simple model.

If we model a metal as a truncatsd one-dimensional chain, we will cbtain
expressions for the bulk and surface wavefunctions and their associated
energies which are the same in form as those for the one-dimensional semi-
conductor. However, whersas the lower hand in a semiconductor is completely
filled (see figure 1), in a metal this band is only partially filled. For
exasple, in the case of sodium (8], the top of the lower band lies at 3.8 eV
but the band is only ¥ in the ground state.

If we shine a lager on our directly excite electrons from

. This is due to our selection rule [see equation (10)]
which says that we can only emcits bulk states with k = g/2. In a metal, there
are no occupied bulk states with real momsntum at or near this crystal momentum
To overcoms this problem, the electrons can be excited to the k = g/2 state

~ excitation into the surface states by
the laser photons. Thus photons would supply the energy needed for the transi-
tion and phonons would supply the needed crystal momentum. Figure 5

states.

Since the first-ordser tramsition probability will vanish since neither
crystal momentum nor enerdy are oonserved, we can writs the transitioan
probability of state k" to k via intermediate state k' as

2 .l‘:'{'k' :

k' k"%

}

|
:
|

M= 2n8 (ukk"."f-“p’ (24)

Pigure 5. Dispersion relation fer a metal and an excitation pathway to the
surface states(s). The vertita arrow represents a photon of frequency w; the
horisontal arrow, a y anon o/ _mentum K. UC is an upper conduction band.

.................................................
.................................................
..................
.....
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where the super- and subscripts £ and p refer to the laser field and the
phonons respectively. The matrix element B{k' is equivalent to equation (7)
with the time exponential factored out. The phonon matrix element can be
written ([7], ’

1,1/2 Xy (K) +
Hl‘:'k' = = ( ——2% [a(K) + a' (K)] (25)

where M is the mass of the lattice atom, a(KX) and at(lt) are the annihilation
and creation operators of the phonon, v(K) is the form.factor, and the crystal
somentum of the phonon, K, must equal k'-k". :

If we insert equations (7) and (25) into equation (24) and average over the
phonon number states, |n(K)>, we obtain the transition probability. If we now
sum over all initial and final states, we will obtain the second-order transi-
tion rate

’ 2 2
Te ‘E%’ fax~ L!S&_B!LKL*_;.I 2 o~ (26)
2, (0 o 3en=0g)

where K = g/2-k". '1'(1’ (¢,g/2) is the first-order transition rate between bulk
state g/2 and surface state x induced by the laser field and is given by
equation (12). We can convert this expression into an integral over enerxgy.

If we then assume a thermal digtribution of phonons and electrons, we need only
consider the integral within an interval X T mmdmrcm.mgywhmrn
is the lattice teaperature. At room a , this interval is small and
the integrand can be considered a constant:

T 22
T (%% (%,MM)%I 2V (c,9/2) 27
o (w g/Z,k;“‘p)

vhere X = 9/2-' . .
ror sodium can readily evaluats equation (26):

r e 2.38x10"% o (c,9/2). (28)

Since the various physical constants for sodium are not significantly different
from those of silicon, we would expect the first-order rates to be roughly
comparable. Prom the previous section, we saw that a significant photon 2
absorption in silicon could be induced with a low power laser (1 to 10 W/cm').
Therefore, we would expect tg produce a similar effect in sodium with a moderate
power laser (10 to 100 kW/ca“) . Consequently, as with semiconductors, we would
expect a laser to act as an efficient controller of surface charge in a metal.
Subsequent interactions would likewise be effected.

CONCLUSION

Using a laser to localize electronic charge in the surface region of a semi-
conductor or a mstal can produce an appreciable effect on adspecies-surface
interaction. PFor a negatively charged adspecies, desorption can be induced;
if positively charged, adsorption is enhanced. In a more realistic model with
both occupied and empty surface states, the laser could excite holes as well as
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electrons and thus selectively enhance adsorption or desorption for the same
charged adspecies.

Of course, this same formalism would apply to a polar adspecies. The posi-
tive end of a molecule would be attracted to a negatively charged surface.
Thus, in addition to enhancing adsorption or desorption, the laser will cause
the adspecies to line up in a desired orientation.

Furthermore, since the charge distribution of an adspecies is a function of
its electronic state, our laser controlled surface could select the desired
state. Pinally, once molecules are adsorbed on the surface, new energy bands
could be introduced through which the laser could enhance surface processes.

To improve our understanding of the adspecies-surface system, the dielectric
screening problem would have to be addressed in more detail.

Because the concentration of charge is so large in the surface region, it
is conceivable that a lattice rearrangement could be induced in the surface
area. Such an effact could lower the charge in the surface. On the other hand,
the new surface states would probably be more stable and, subsequently, have a
larger lifetime. To study these effects, a self-consistent-field calculation
would have to be performed.

The major limitation of the above model, however, is its one~dimensionality.
The three-dimensional interaction potential may be quite complex depending not
only on the distance from the surface but also on the position of the adspecies
with respect to the plane of the surface. Finally, in a real metal or semi-
conductor, the surface statas are not necessarily confined to the gap between
the valence and conduction bands.

Nonetheless, we have clearly dmmtnt.d that lasers can be used eo control
surface charge in both metals and semiconductors. Such charge, in turn, can
lead to enhanced surface processes. The effects on these processes of
adspecies-surface dynamics and higher dimensions are the subject of cont:l.nu:l.ng
research.
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